One-third of top-selling drugs are derived from natural products. When only a fraction of the bioactive natural products diversity has been explored, huge opportunities still remain for discovering novel leads for the development of new drugs. Clear cell renal cell carcinoma (ccRCC) is a highly vascular tumour arising from epithelial elements. Mutations in the Von Hippel-Lindau (VHL) gene are responsible for VHL disease and arise in the majority of Renal Cell Carcinoma (RCC) as well as in other types of cancer. Renal carcinoma cell lines with naturally occurring VHL mutations (RCC4 VA) and their genetically matched wild-type VHL (RCC4 VHL) counterparts were seeded onto 96-well plates and allowed to attach overnight. Fungal extracts were tested on both cell lines. Clinically useful antitumor agents were used as positive controls and as reference points to establish the efficacy and selectivity of the new compounds. Renal cell carcinoma cell lines expressing VHL or not were treated with Carboxyfluorescein succinimidyl ester (CFSE). The day after cell inoculation, extracts were added and during the following days of incubation, fluorescence intensity was measured as a surrogate marker for cell viability. The most promising extracts selectively inhibited growth of pVHL-deficient cells but not of wild-type VHL cells. We used High Content Bio-imaging, a complete cellular imaging workflow that integrates instruments and software to acquire and analyze images, to evaluate their effect. Cell imaging can reveal effects that would be overlooked by other cell assay approaches. This target-based whole cell screen is a new strategy, which ensures cell permeability and target selectivity especially in natural product screening where natural product purification is a labour of extensive work. This approach permitted a dynamic study where fluorescence was measured without affecting cell viability and enabling a better detection of cytotoxic effects such as autophagy, senescence or late apoptosis.
INTRODUCTION
Natural products have largely been and still are considered an extraordinary valuable platform for the discovery of new drugs against diverse pathologies, as well as a tool for the characterization of novel therapeutic targets. Such value is partly due to their higher complexity and chemical diversity as compared to those of synthetic and combinatorial compounds [1] .
Von Hippel-Lindau (VHL) syndrome is a rare genetic disorder characterized by an increased risk of developing tumors [2] . The VHL gene is ubiquitously expressed in normal tissues throughout the body; thus, loss of VHL expression is unique to tumor pathology. The high frequency of pVHL inactivation in Renal Cell Carcinoma (RCC) makes it nearly universal to the disease state, and tumor suppression following reintroduction of VHL into RCC cells underscores the crucial role of pVHL in malignancy. A molecular defect that is crucial to the malignant phenotype, unique to diseased tissue, and nearly universal to the disease state serves as an ideal target for therapeutic intervention. Pharmacologic agents that are toxic in the context of pVHL disruption should then have minimal effect on normal tissue [3] . Reintroduction of wild-type VHL into VHL-deficient clear cell Renal Cell Carcinoma (ccRCC) cells inhibited the ability of these cells to form tumors in nude mice [4] .
Image acquisition using robotic fluorescent microscopy and automated image analysis, generally referred to as High Content Screening (HCS), has become an essential tool in early drug discovery programs. High content cellular imaging has increasingly met the challenges of high throughput needs and facilitates the integration of disease relevant screens at early stages of the drug discovery process [5] .
Early adoption of HCS by the pharmaceutical industry to characterize preclinical drug candidates further fuelled technology development. HCS technology has now expanded throughout all the different stages of the drug development process and is today considered a mainstream technology in the pharmaceutical industry [6] . HCS strategies attempt to deal with the complexity of an intact cell, which is reflected in the wealth of phenotypic information present in HCS datasets. The digital acquisition of quantitative and qualitative information, such as number, intensity, size, morphology, texture and spatial distribution of objects, can be archived for flexible computational analysis with different variables and combinations of parameters, according to the needs of the particular drug discovery or basic research program [7] .
High Content Screening complete cellular imaging workflow integrates instruments and software to acquire and analyze images, then processes, stores, and manages the experimental data. All these screening solutions offer the advantages of intuitive acquisition, automated image analysis, turnkey cellular informatics, and the seamless integration of the hardware and software components, which eliminates manual data manipulation or transfer found in other less sophisticated imaging workflows. Compared with single-measurement well-based assays, multi-parameter cell based HCS assays yield data with much higher biological information content. Whereas high throughput screening (HTS) is used as a fast primary screen to identify hits for further testing, HCS can be used to identify leads from hits. The ability to obtain quantitative data from multiple endpoints, from both individual cells and cell populations, greatly enhances the information obtained from whole-cell screens in drug discovery. This could provide new insights into cell function and mode-of-action studies that were previously labour intensive and difficult to interpret [8] . This target-based whole cell screen technology ensures that the hits have an anticancer activity as well as the up-front target selectivity.
MATERIALS AND METHODS

Cell Culture
Human Renal Cell Carcinoma Cell line RCC4 stably transfected with an empty vector, pcDNA3 (ECACC N-03112702; called RCC4-VA) conferring neomycin resistance, or with pcDNA3-VHL (ECACC N-0312703; called RCC4-VHL) conferring neomycin resistance and encoding the VHL tumor suppressor gene product pVHL. The original renal carcinoma cell line RCC4 is VHLdeficient. The RCC4 plus vector alone cell line serve as a negative control cell line to study the effect of pVHL expression from pcDNA3-VHL [9, 10] .
The human renal carcinoma cell lines RCC4-VA and RCC4-VHL were cultured at a density of 1.0 × 10 6 cells/ flask in BDFalcon TM Tissue Culture Flasks in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum (Origin: Australia GIBCO), 0.01% L-Glutamine 200 mM, 100 × (GIBCO), 0.01% Penicilin Streptomycin (GIBCO), 0.001% Geneticin G418 0.5 mg/ml (GIBCO). Cell cultures were maintained in a humified incubator at 37˚C with 5% CO 2 and passaged when confluent using TrypLE TM Express 1 × (GIBCO). Cells were counted by means of trypan blue and hemocytometer.
Screening Process
The automated screening process was carried out following the established conditions during the piloting for this bioassay " Figure 1". 
MTT Assay
MTT (3-4,5-Dimethyl-2-thiazolyl-2,5-diphenyl-2H-tetrazolium bromide) assay has been widely used as a colorimetric approach based on the activity of mitochondrial dehydrogenase enzymes in cells. MTT assay was performed 24 hours after treatment. For this purpose, MTT solution was prepared at 5 mg/ml in PBS and then diluted at 0.5 mg/mL in MEM without phenol red. Then, 100 μl of MTT were added into each well with Multidrop. Cells were incubated for 3 hours at 37˚C with 5% CO 2 . After 3 hours, the MTT solution was removed and replaced with 100 μl of DMSO. The plate was further incubated for 5 minutes at room temperature and agitation. The optical density of the wells was determined using a plate reader, named Victor (Beckman Coulter), at a wavelength of 570 nm.
Extracts from actinomycetes and fungi were tested. Cells were seeded at a density of 5.0 × 10 4 cells/ml into 96-well microplates (BD Falcon) using a Multidrop automatic dispenser. The final volume of the cell suspension was 200 μl in each well. After incubation at 37˚C with 5% CO 2 for 24 hours, medium was replaced with a final volume of 195 μl. Then 5 μl of each extract and 5 μl of controls were transferred from the mother plates to the assay plates using a robotic workstation (Biomek ® FX, Beckman Coulter).
Controls are on the righthand column. There are four points of doxorubicin and four points of rotenone with an initial concentration of 10 mM and dilutions of 1/2. fermentation was carried out by the addition of organic solvents in order to extract secondary metabolites. Thus, we added 800 μl of acetone (Merck) to 800 ml of each broth in the actual fermentation plate together with 40 μl of DMSO. The presence of DMSO during the evaporation of organic solvent prevents precipitation of seconddary metabolites to enhance the solubility of the components of the extract. We then stirred it in a Kühner thermostated incubator at 200 rpm for 1 hour and centrifuged under vacuum for 12 hours on a computer Genevac HT-24 for controllably evaporated acetone.
black-wall clear-bottom 96-well microplates (Greiner) using a Multidrop automatic dispenser. The final volume of the cell suspension was 200 μl in each well. After incubation at 37˚C with 5% CO 2 for 24 h, medium was replaced with a final volume of 195 μl. Then 5 μl of each compound was transferred from the mother plates to the assay plates using a robotic workstation (Biomek ® FX, Beckman Coulter). Cells were incubated in the presence of the compounds and the controls.
After 48 hours treatment, the culture medium was removed; cells were washed in Annexin V buffer and stained with Annexin V and Propidium Iodide (PI; a non-permeable non-specific nucleic acid dye), adding 5 μl of Annexin V and 1 μl of Propidium Iodide to each 1 ml of PBS. In apoptotic cells, the membrane phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of the plasma membrane, exposing PS to the external cellular environment. Annexin V has high affinity for PS and binds to these cells. In conjunction with PI we can identify early apoptotic cells (PI negative, Annexin V positive). If cells are Annexin V and PI positive, they are in late apoptosis or already dead. Annexin V is conjugated with Fluorescein Isothiocyanate
The final extracts, four equivalents of the fermentation broth, were concentrated to 200 μl with a maximum percentage of 20% DMSO in water to avoid problems of toxicity testing. A percentage above 20% DMSO usually has interference. The sample plates were prepared, lastly, in an automated pipetting station (Biomek FX, Beckman Coulter) by transferring an aliquot of 160 μl of each extract to a well of an ABgene coded plate of 800 μl in order to assess their potential antitumoral activity.
HCS Assays
Cells were seeded at a density of 5.0 × 10 4 cells/ml into (FITC). In the case of CFSE analysis, cells were labeled before compound treatment. CFSE passively diffuses into cells. The acetate groups are cleaved by intracellular esterases to yield highly fluorescent carboxyfluorescein succinimidyl ester. The succinimidyl ester group reacts with intracellular amines, forming fluorescent conjugates that are well retained and can be fixed with aldehyde fixatives. It can be used for in vivo tracing. The label is inherited by daughter cells after either cell division or cell fusion and the intensity decreases. These assays were run as live cells assays allowing possibility to modify the incubation time. This method allows reading of the plate without washing ensuring a complete observation of all the cells. The robustness of a high volume screening assay is generally assessed by calculating the -factor defined from the mean (μ) and standard deviations (δ) of the positive and negative controls in a screen Cells are centrifuged to obtain a cell pellet and the supernatant is removed. 5 mM CFSE stock solution was diluted in phosphate-buffered saline (PBS) to a final concentration of 0.5 -25 μM, cells were resuspended in it and incubated for 15 minutes at 37˚C. After that, the solution was centrifuged at 1600 rpm for 10 minutes and resuspended in fresh prewarmed medium. Cells were incubated overnight before compounds treatment. For each plate a group of 8 wells is dedicated to positives controls (cells treated with a known active extract) and a group of 8 wells to negative control (0.1% DMSO final) randomly disposed in the plates.
Data analysis: The BD (BD Biosciences, San Jose, CA) Pathway 855 software attovision 1.7 conjugate with Genedata Screener software were used for this purpose. After the first analysis, a re-analysis was made with Attovision 1.7 from BD (Figure 1) . With re-analysis we determined the Regions of Interest (ROIs). Masks corresponding to the nucleus and the cytoplasm are created and then each mask is associated to its corresponding dye. Nucleus mask is associated with Hoechst and PI, and cytoplasm mask is associated with FITC.
The 
RESULTS
MTT Assay
Cells were incubated with the extracts and controls. Once the screening process over the whole collection was completed, positive activities from the primary assay were selected. Selection was made according to their general toxicity and their ability to inhibit growth of pVHL-deficient cells but not of cells with wild-type pVHL.
Compounds that prove to be positive in the screening are analyzed in detail to corroborate the hit/s (active extracts). We assessed whether the antitumor active extracts are already known, in order to dismiss them as new hits (not shown). Prior to the study of any extract, LC/MS profiling is performed using low resolution MS (positive and negative mode) against an in-house database of microbial natural products. For those extracts containing potential new metabolites, a high throughput approach is tackled, aimed at standardizing basic fractionation systems by using automated low pressure chromatography. At the same time, standard protocols are developed, depending on the physicochemical features of original samples, to obtain enriched fractions of active components. Orthogonal fractionation, considering more than one physicochemical property at a time, allows us to obtain arrays of biomolecules sorted out by size and polarity, and generating plates that represent each active compound which, once rescreened (using the same high throughput screening tests), delimits, to a large extent, the different components of the original mixture, allowing a simpler purification process and less consumption of resources (not shown).
A large number of extracts, 20,320 extracts from actinomycetes and fungi specimens were tested " Figure 2" . The assay results were analyzed with Data Management and Genedata ® Screener obtaining percent activity in each well of the plate.
High Content Screening (HCS Assay)
Carboxyfluorescein Succinimidyl Ester (CFSE)
Label We have compared RCC4-VA and RCC4-VHL cell lines after treatment with fraction positively selected by MTT results in the presence of CFSE. CFSE passively diffuses into cells where the acetate groups are cleaved by intracellular esterases to yield highly fluorescent carboxyfluorescein succinimidyl ester. The succinimidyl ester group reacts with intracellular amines, forming fluorescent conjugates that are well retained and can be fixed with aldehyde fixatives. The label is inherited by daughter cells after cell division and the intensity decreases linearly loosing half of the label intensity in each division.
In case of normal cell division there is a moderate decrease in the intensity due to slow release of CFSE; when the metabolism is stationary, there is no cell growth and the intensity of CFSE does not change with respect to the moment of incubation, whereas a high decrease of intensity reflects an induction of cell death (Figure 3) . The fluorescence was followed during several days. We focused our study on the CFSE intensity differences between both cell lines. Assessment of assay quality resulted in a -factor value of 0.75 and 0.69 for RCC4-VA and RCC4-VHL respectively. Since a satisfactory -factor is above 0.5, the calculated -factors levels indicated that our assay showed sufficient robustness for its development.
Z Z Z
This approach allowed us to identify several extracts that act on VHL/VA cell growth in a different way " Figure 3" . RCC4-VHL cell line degrades HIF, unlike RCC4-VA cell line in which accumulates HIF, therefore extract acts in RCC4-VA, focusing it action in VHL/HIF pathway. We focused our attention on a particular extract that induces cell death preferentially in VA cells. Then, we studied the apoptosis induction in both cell lines after treatment by Annexin V staining. After treatment, RCC4-VA cells were few damaged cells and therefore have low intensity, or their cellular metabolism was stopped, there is no cell growth and the same intensity as the labeled day. RCC4-VHL cells, after 24 hours, have grown and consequently the intensity has decreased.
Annexin V, PI Assay
After 48 hours' treatment (single point) with the active fraction, cells were stained with Annexin V and Propidium Iodide. The plate was analyzed with BD Biosciences Pathway TM 855 Bioimager and observing that early and late apoptosis were higher in RCC4 VA than in RCC4 VHL. Images were acquired in the FITC and PI channels of each well using a statement 20X/0.75NA air objective lens. Plates were exposed in 0.33 ms (Gain 0) to acquire FITC images and 0.5 ms (Gain 0) for PI.
Images show that the active fraction acts differently in RCC4-VHL and RCC4-VA. Analysis of dye intensity in each cell allows obtaining two graphs, each one corresponding to one dye " Figure 4" . FITC intensity, which is Annexin V intensity, is higher in RCC4-VA than in RCC4-VHL; this means that there is more apoptotic induction in cells without pVHL. In PI chart, RCC4-VHL and RCC4-VA are represented in the same way; again PI intensity is higher in RCC4-VA than in RCC4-VHL; so most RCC4-VA cell lines are in late apoptotic state. These results show that the selected fraction induces apoptosis in a more efficient way in RCC4-VA than in RCC4-VHL (Figure 4) . These results show a difference in the growth of VA and VHL, suggesting that this extract can be used to study further the metabolic pathway.
Results show that the active fraction acts for almost 48 hours.
DISCUSSION
The molecular basis of human cancers has been illuminated greatly by the identification of familial cancer syndrome genes [7] ; one of these is VHL gene. To study this gene, we focused our study on RCC4 cell line. The high frequency of VHL inactivation in RCC makes it nearly universal to the disease state and tumor suppression following reintroduction of VHL into RCC cells underscores the crucial role of VHL in malignancy. A molecular defect that is crucial to the malignant phenotype, unique to diseased tissue, and nearly universal to the diseased state serves as an ideal target for therapeutic intervention. Pharmacologic agents that are toxic in the context of VHL disruption should then have minimal effect on normal tissue [9] . VHL status should weigh heavily on the rational design of therapies to combat late-stage clear cell disease. The strategy was thus to validate the concept of specifically targeting the loss of the VHL tumor suppressor gene though pharmacologic means [11] [12] [13] [14] .
Genetic studies of VHL disease led to the identification and cloning of the VHL gene in 1993. Tumor formation in VHL disease follows the Knudson two-hit model, whereby a defective copy of the VHL gene is inherited, whereas somatic inactivation occurs in the remaining allele, leading to malignancy. Clear cell renal cell carcinoma (CC-RCC) is a prominent feature in hereditary VHL disease, suggesting an etiologic role of the VHL gene in sporadic CC-RCC. Gnarra et al. [15] found that VHL is mutated in 57% of CC-RCC. An additional 10% to 20% of cases are due to inactivation of the VHL gene through hypermethylation. Thus, loss of pVHL function occurs in a significant fraction of sporadic CC-RCC, approaching 70% to 80% of all cases [16] , suggesting that genetic abnormalities involved in inherited RCC syndromes (and subsequent alterations in downstream intracellular signaling cascades) may also play a central role in sporadic RCC [17] . The strong association of pVHL inactivation in sporadic and hereditary CC-RCC indicates a causative role for the loss of VHL in the molecular pathogenesis of CC-RCC.
The aim of this article is to use metabolites of microbial origin to screen for new molecules that can specifically target cells with a defect in pVHL activity, an important oncogene involved in kidney cancer.
As a matter of fact, the strategy of looking for active molecules in pVHL deficient cells has been successfully applied to the identification of a compound, STF-62247, which was selectively cytotoxic towards pVHL-deficient, cells in vitro and in vivo [18] . In the present study, while we used the same cell type, the strategy has been considerably modified because, for the first time, optimized labeling with CFSE staining allows for a successful outvome. This new strategy allowed us to follow the cell response on compound treatments without additional genetic manipulation of the cells. Furthermore, the CFSE staining provides information on cell division and cell cycle that GFP labeled cells normally does not provide on its own [19] .
There are new advancements and developments in the treatment of renal cell carcinoma based on mTOR pathway that regulates the expression and stability of HIFα, and on transcription of VEGF and PDGF when HIFα is not degraded. Some known compounds are: pazopanib, a multitargeted tyrosin kinase inhibitor (TKI) which targets and potently inhibits VEGF-R1-3, PDGFR-α and -β, and c-kit approved for use in metastatic RCC in October 2009; sunitinib, a receptor tyrosine kinase inhibitor, that has become the most commonly employed agent in the first-line treatment of RCC [20] [21] [22] [23] ; Bevacizumab, an anti-VEGF antibody, evaluated in patients with advanced clear cell renal carcinoma [24] . Sorafenib, a small molecule inhibitor which targets the tyrosine kinase domain of VEGFR and PDGFR, and the intracellular signaling enzyme, raf kinase [25] ; it is frequently used as a second line agent in patients in combination with bevacizumab [26] . Temsirolimus and everolimus target mTOR correlate with the block in translation of mRNA encoding HIF1α [27, 28] . Everolimus may be considered in patients who have failed VEGF-targeted agents [29] .
The recent advancement of HCS represents the next step in the ongoing evolution of large-scale, systemslevel biological research. HCS-based strategies are a natural part of systems biology, preclinical drug testing and, perhaps, personalized medicine [7] . Through this HCS, we have generated the first results to select a group of hits from fungal extract that selectively kill cells with VHL defects, providing further validation of the concept of targeting the loss of tumor suppressor genes. A hit that shows a difference in the growth of VA and VHL was found. Although this difference is not too large, it can be useful to study how it acts and the metabolic pathway showing the target metabolite. Although the difference in the growth between both cell lines in vitro was not very significative.
The next approach will be to perform a fractionation of the crude extract guided by the biological activity and, elucidate the structure of the corresponding isolated active compound. Later steps will include a validation using western blot, Q-PCR, knock down analysis using si and sh RNA screening strategy, live-cell imaging and quantitative single-cell analysis will be developed to determine the specific target of the active compound. This approach will allow investigating the metabolic target, and ruling out any interference with other metabolic pathways. If it targets in a key metabolite of the molecular pathway, it could be an interesting compound which, might be developed to be used in combination with other therapies like chemotherapy or radiotherapy, and focused on eradicating cells without pVHL or possibly extend or improve the quality of the patient's life.
The results of this work are the first ones to present indentification of potential lead compounds from natural products libraries with a lethal interaction in the absence of the von Hippel-Lindau tumor suppressor gene).
Moreover, the bioactive compounds identified could possible provide very useful tools for investigating in depth the function of their targets. The achievements of this work contribute to advance our understanding of cancer metabolism regulation in context of this cell model, thereby increasing our basic biological knowledge on VHL dependent cancer and further developing the feasibility of extrapolating data to other types of cancer. The choice of RCC VHL deficient cells as a model system is appropriate because it harbors regulatory mechanisms characteristic of cancer cell metabolism and offers ease of use in handling as well as a well-characterized genome and physiology.
This project demonstrated the feasibility of targeting the loss of the VHL tumor suppressor gene for the development of new targeted therapies from microbial natural products. This is of importance from a clinical perspective, not only to better understand oncological processes dependent on pVHL but also to evaluate these factors for their possible value as targets for therapeutic intervention. Moreover, the results herein obtained could have a great impact on society as they could represent an effective therapeutic option not only for cancer patients with VHL mutations but for all patients with cancer that present a change in cell metabolism.
